Abstract Many practical design and operating decisions on wastewater treatment plants can have significant impacts on the overall environmental performance, in particular the greenhouse gas (GHG) emissions. The main factor in this regard is the use of aerobic or anaerobic treatment technology. This paper compares the GHG production of a number of case studies with aerobic or anaerobic main and sludge treatment of domestic wastewater and also looks at the energy balances and economics. This comparison demonstrates that major advantages can be gained by using primarily anaerobic processes as it is possible to largely eliminate any net energy input to the process, and therefore the production of GHG from fossil fuels. This is achieved by converting the energy of the incoming wastewater pollutants to methane which is then used to generate electricity. This is sufficient to power the aerobic processes as well as the mixing etc. of the anaerobic stages. In terms of GHG production, the total output (in CO 2 equivalents) can be reduced from 2.4 kg CO 2 /kg COD removed for fully aerobic treatment to 1.0 kg CO 2 /kg COD removed for primarily anaerobic processes. All of the CO 2 produced in the anaerobic processes comes from the wastewater pollutants and is therefore greenhouse gas neutral, whereas up to 1.4 kg CO 2 /kg COD removed originates from power generation for the fully aerobic process. This means that considerably more CO 2 is produced in power generation than in the actual treatment process, and all of this is typically from fossil fuels, whereas the energy from the wastewater pollutants comes primarily from renewable energy sources, namely agricultural products. Even a change from anaerobic to aerobic sludge treatment processes (for the same aerobic main process) has a massive impact on the CO 2 production from fossil fuels. An additional 0.8 kg CO 2 /kg COD removed is produced by changing to aerobic sludge digestion, which equates for a typical 100,000 EP plant to an additional production of over 10 t CO 2 per day. Preliminary cost estimates confirm that the largely anaerobic process option is a fully competitive alternative to the mainly aerobic processes used, while achieving the same effluent quality.
Introduction
Objectives and background Environmental technologies should help to reduce and avoid environmental impacts, but not at a cost to the environment! Overall assessment procedures like life cycle assessment (LCA) have been developed to compare technologies and processes on a wide range of factors, but these tools often produce quite broad and sometimes diffuse outcomes. In many cases, key decisions during the design, operation or management of environmental processes can not easily be related to these overall assessments, possibly due to their complexities and lack of direct relationships to the factors influencing the decisions. An example of this would be the consideration whether to use aerobic or anaerobic sludge digestion for a municipal treatment process. Many specific aspects of the process design and operation need to be considered to calculate the overall environmental impact of these process options. This level of detail, however, is not usually provided in LCA or similar tools.
It is absolutely essential to include such environmental considerations in planning and management, particularly when dealing with environmental technologies. After all, it is not very good to reduce the impact on one environmental factor eg. water pollution while at the same time creating additional impacts in another area eg. air pollution. To assess and compare these different impacts is difficult since the relationships between the different factors and impacts are often quite convoluted. This paper presents a direct and predictable correlation between the method of wastewater treatment and energy balance, in particular with regards to the greenhouse gas (GHG) production from the process. It demonstrates how a change of treatment technology can change the impact in terms of energy consumption and greenhouse gas production dramatically. Ultimately, it offers decision makers some means to compare and balance the environmental effects with other, technical or operational factors when selecting specific technologies for wastewater treatment.
Types and sources of greenhouse gases considered
The major greenhouse gases, carbon dioxide (CO 2 ), methane (CH 4 ) and nitrous oxide (N 2 O) can all be produced in wastewater treatment operations. Their greenhouse effect is typically weighted by their Global Warming Potentials (GWP) which are dependent on the timeframe of consideration, usually 100 years. The GWP factors for a 100 year horizon are: CO 2 = 1, CH 4 = 21 and N 2 O = 310 (European Commission, 2001 ). This means that over a period of 100 years one tonne of methane (CH 4 ) will have a warming effect equivalent to 21 tonnes of CO 2 . In the calculations in this paper, only CO 2 and methane are considered since N 2 O, although potentially produced during nitrification and denitrification, has generally not been found in any significant quantity at full-scale wastewater treatment systems. Despite the high GWP, it does not likely contribute significantly to the overall GHG production from wastewater treatment operations. Furthermore, only the effect of organic components (measured as Chemical Oxygen Demand, COD) removal is considered in these calculations. The net impact of nitrogen and phosphorus removal on CO 2 production or utilisation are very small, while there is no effect on the methane balance at all. However, it has to be noted that for full biological nutrient removal systems, the available COD in the influent is often the limiting component, and therefore, removal and anaerobic treatment of COD can be detrimental for the denitrification or biological phosphorus removal. These are additional and equally relevant considerations to be made in process design and operations, but they are outside the scope of this paper.
Beside the actual production of CO 2 and CH 4 in the treatment plant itself, the GHG production in the power generation process needs to be included in the calculations as well. While there are some major differences between various countries, a large number of them use fossil energy (coal, gas, oil) for power generation. These therefore contribute considerably to the overall GHG production. For the calculations in this paper, coal-based power generation has been assumed which is the most common form used in Australia. However, no secondary GHG production (from mining, processing, transportation etc. of the coal) is considered in this assessment.
Treatment processes selected
Considering COD removal for domestic wastewater, the main process options are relating to the separation and treatment of solids and soluble components. For both parts, treatment by aerobic or anaerobic biological processes can be used. Also a combination of different primary and secondary treatment steps can be envisaged. Additionally, the fate of the produced greenhouse gases (in the case of methane) need to be considered. Therefore, the following options can be identified (Table 1) :
While many possible combinations of these options are possible, the practically relevant ones listed in Table 2 are being presented in this paper in detail.
Besides the main factors listed above, there are obviously a number of parameters to be included in the actual process calculations depending on the individual operating characteristics. For example, in the extended aeration process a very long sludge age (or Solids Retention Time, SRT) will be used, while in the high rate activated sludge process, a short SRT is required.
Generic process parameters and influent characteristics
The calculations of the various process options depend significantly on the process parameters chosen and to some degree also on the influent characteristics. Values of these parameters used in the calculations are given below in Table 3 for a generic case, while any particular changes in specific parameters are listed in the Results and Discussion section. Not all parameters used in the calculations have been listed due to space constraints, however, those omitted do not have a high sensitivity for the final outcomes. Typical values as listed in the IWA Activated Sludge Models (Henze et al., 2000) have been used generally. The selection of the plant size is arbitrary but provides a suitable basis for comparisons.
Results and discussions Greenhouse gas production
The production of greenhouse gases is shown for all five cases in terms of tonnes of CO 2 production per day and kgCO 2 /kgCOD removed . The calculations incorporate the energy production from methane and the associated CO 2 generation. Electrical energy gains are offset against the power required for the treatment process, while heat energy is not considered further (but could be used for heating of digesters etc.).
Specific changes to the process parameters have been made for Case C (SRT = 30 d) and for Case D (aerobic SRT = 5 d, anaerobic COD conversion = 65% and aerobic power requirement = 1.2 kWh/kgCOD removed ).
The results in Table 4 demonstrate the following points: • The method of COD removal from the wastewater, either aerobically or anaerobically has a major impact on the GHG production. If the COD is solely removed aerobically, the CO 2 production per COD removal is well over twice the amount compared to largely anaerobic COD removal.
• With fully aerobic treatment processes, the greenhouse gases produced in the power generation significantly outweigh the CO 2 production from the actual treatment process. This is also the part of the CO 2 production that can be influenced the most by the different process options. This is particularly important as the CO 2 from power generation is often derived completely from fossil fuel sources.
• With anaerobic treatment, the power generated from methane can largely offset the power required for the aerobic treatment process. Even by replacing the aerobic digestion in Case A with an anaerobic digestion process (Case B), the CO 2 production from power generation can be reduced by nearly 60%.
• The capture and utilisation of methane is essential to maintain a low greenhouse gas production efficiency as is shown by Case E. Although the amount of methane dissolved in the effluent amounts to only 14% of the total methane produced, this has a major effect on the GHG production as its effect is equivalent to over 6 t CO 2 /d. This therefore reduces the benefits from the energy production dramatically. However, technical measures to reduce this methane leakage can be devised quite readily to capture the methane and generate energy from it (e.g. air-stripping and using off-gas in methane incineration).
• A reduction in CO 2 production from COD removal is not feasible since all wastewater organics are converted to CO 2 eventually. However, the carbon in these pollutants is usually from renewable energy sources, mainly agriculture, and therefore any energy gained via biogas production and utilisation can certainly be regarded as "green energy".
Overall energy balance
Considering the large energy content of the organics in the influent, it seems extremely wasteful to use external (electrical) energy to power the treatment processes. In the larger conventional plants, some of the internal energy has traditionally been recovered via physical primary treatment and anaerobic digestion of the primary sludge (Case B). Primary treatment using an anaerobic biological process as in Case E offers the opportunity to increase the degree of internal energy recovery and reduce or eliminate the need for importation of externally generated power.
For these two cases, complete energy balances have been generated for typical operating conditions (Figure 1) . For Case B, the plant electrical demand is only 26% of the influent energy but 60% of the energy used has to be imported. For Case E, the plant demand falls to about 18% of the influent energy and the need for energy importation is virtually eliminated. Potentially, about half of the influent energy can be recovered in the form of methane but only 35% of that can be converted to electricity. A large part of energy is generated as heat, some is lost with the wastewater effluent and some in the power generation. The latter part could possibly be used for heating purposes. However, it is interesting to note that, although large, the total energy content of the wastewater pollutants is sufficient to heat the full influent flow by only about 2°C.
Cost and economic considerations
The economics of energy recovery are governed by a range of factors which are currently in a state of flux. On the energy side, these include (a) the price structure for the purchase of external energy, (b) the cost of internal power generation, (c) the price for which excess internal energy can be sold, and (d) the value associated with reduction in greenhouse gas production (carbon credits, renewable energy certificates or the like). On the process technology side are developments in technology for the anaerobic treatment of sewage at ambient temperature, the percentage of energy recovery which can actually be achieved in practice and the impact of nutrient removal requirements.
Preliminary cost estimates suggest that, without on-site power generation, a plant with anaerobic primary treatment (Case E) could be cost-competitive with a conventional activated sludge plant. Depending on the degree of COD conversion achieved in the primary anaerobic stage, the anaerobic plant could have lower energy demand and lower biosolids production. The economics of power generation then depend on the factors listed above.
Conclusion
This paper illustrates with a number of practical case studies how certain design and operating decisions on wastewater treatment plants can have major effects on the overall environmental impacts, in particular the energy demand and greenhouse gas production.
The main factor relevant in this regard is the degree of COD removed by anaerobic versus aerobic treatment. The CO 2 production from the COD in the wastewater is not affected by this choice if methane is used for power generation, but the CO 2 from the power generation can be all but eliminated if primarily anaerobic processes are used. It is important to note that in all cases the same effluent quality in terms of BOD and Suspended Solids can be achieved. However, nutrient removal can be significantly affected by these process choices, but this is not considered in this study.
Overall, a largely anaerobic degradation of the wastewater pollutants seems economically, and technically feasible and would have major environmental benefits in terms of greenhouse gas production.
